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Abstract
A thermostat senses the temperature of a physical system and switches heating or
cooling devices on or off, regulating the flow of heat to maintain the system’s tem-
perature near a desired setpoint. Taking advantage of recent advances in radiative
heat transfer technologies, here we propose a passive radiative "thermostat" based on
phase-change photonic nanostructures for thermal regulation at room temperature. By
self-adjusting their visible to mid-IR absorptivity and emissivity responses depending
on the ambient temperature, the proposed devices use the sky to passively cool or
heat during day-time using the phase-change transition temperature as the setpoint,
while at night-time temperature is maintained at or below ambient. We simulate the
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performance of a passive nanophotonic thermostat design based on vanadium dioxide
thin films, showing daytime passive cooling (heating) with respect to ambient in hot
(cold) days, maintaining an equilibrium temperature approximately locked within the
phase transition region. Passive radiative thermostats can potentially enable novel ther-
mal management technologies, e.g. to moderate diurnal temperature in regions with
extreme annual thermal swings.
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Passive radiative cooling uses the atmosphere’s transparency windows in the mid-IR to
channel heat into outer space, and can serve as an efficient technique to radiatively cool
building structures,1–6 renewable energy harvesting devices,7,8 and even textiles.9 Since an-
cient times it is known that a black radiator facing a clear night sky could cool below hot
ambient temperatures.10 However, daytime passive radiative cooling below ambient temper-
ature of a surface under direct sunlight poses much more stringent requirements due to heat
absorption of solar radiation, and only recently high perfomance photonic structures that
accomplish this goal have been theoretically proposed11,12 and experimentally realized.13–15
These include nanostructured multilayered coolers that simultaneously act as optimized solar
reflectors and mid-infrared (mid-IR) thermal emitters,13 as well as randomized glass-polymer
hybrid films that are transparent to the solar spectrum and also behave as good emitters
across the atmospheric IR transparency windows.15 On the other hand, high solar absorption
is sometimes a desirable feature, particularly in energy harvesting applications such as solar
thermophotovoltaics.16,17 Various nanophotonic broadband solar absorbers have also been
recently demonstrated based on metamaterials,18,19 dense nanorods and nanotube films,20,21
multilayer planar photonic structures,22,23 and refractory plasmonics.24
Although both passive radiative coolers and heaters offer clear advantages in the above
technologies, they may also impose severe limitations to temperature management applica-
tions, e.g. maintaining buildings at temperatures moderate enough for human occupancy or
to minimize stress on structures due to thermal cycling. For example, a typical passive radia-
tive cooler will still cool during daytime even in cold days, while a standard passive radiative
heater will heat to undesirable high temperatures in hot days. In this paper, we propose a
nanophotonic passive radiative thermostat that effectively monitors the ambient tempera-
ture and self-adjusts its emissivity and absorptivity across the visible to mid-IR wavelength
range to passively cool or heat in order to moderate the equilibrium temperature of a struc-
ture. To achieve this goal the device should reject solar radiation while increasing its mid-IR
emissivity for temperatures above a pre-set threshold, hence operating as a cooler. On the
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other hand, for temperatures below the threshold the device should behave as a heater by
absorbing sun light and minimizing heat losses via the atmospheric transparency windows.
Thermochromic phase change materials are potential candidates for realizing the required
absorption and emission properties. Previous works in the literature have touched upon the
concept of passive smart infrared emitters based on thermochromic materials for temperature
regulation (see, for instance,25–27 and references therein). However, a detailed description of
a passive radiative thermostat operating in the visible to infrared frequency range, allowing
for cooling or heating with respect to ambient temperature, remains unexplored.
A commonly investigated phase change material is vanadium dioxide (VO2), which is a
correlated electron transition metal oxide that exhibits a reversible first-order insulator-to-
metal phase transition at TVO2PC ' 68oC for bulk samples.28,29 For temperatures below the
phase transition, VO2 behaves as a narrow-gap semiconductor and it is transparent at IR
wavelengths, while for temperatures above, it is highly reflective due to its metallic character.
This switchable radiative response of VO2 has been employed in the past for manipulating
thermal radiation in the near- and far-field regime, including the development of thermal
diodes,30–32 transistors,33 and memories.34,35 Temperature-modulated near-IR transmittance
coatings for smart windows36–38 and tunable IR thermal emitters39,40 based on VO2 have
also been reported. However, cooling below ambient temperature is usually not possible in
these systems due to their inability to reject incident visible sun light. Another disadvantage
of bulk vanadium dioxide is its high transition temperature, that makes it unpractical for
thermal management at usual ambient conditions. Recent experimental works have demon-
strated that it is possible to tune TVO2PC over a wide range of temperatures employing differ-
ent approaches, including strain,41,42 pulsed voltage,43 doping,44,45 and nanostructuring.46–52
Particularly, phase transition temperatures as low as TVO2PC ' 17oC have been reported in
oriented VO2 thin films on TiO2 substrates.50–52 Such high degree of control over TVO2PC makes
vanadium dioxide a promising material to achieve passive temperature management under
a variety of climate conditions.
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Let us first consider a simplified model for an ideal mid-IR emitter and a solar absorber
to explain the concept of the passive radiative thermostat (Figs. 1a,b). We assume the
former has unit emissivity e(λ, θ) = 1 within the first atmospheric transparency window
(8 µm ≤ λ ≤ 13 µm) and e(λ, θ) = 0 outside this wavelength range, while the latter has
constant absorptivity a(λ, θ) < 1 in the visible and near-IR range (0.3 µm ≤ λ ≤ 2.5 µm)
and is zero otherwise (Fig. 1c). In our toy model, we consider that both e(λ, θ) and a(λ, θ)
are independent of the direction into which radiation is emitted or absorbed from. The
net power exchanged between the emitter (absorber) of area A at temperature T and the
environment is given by
Pnet(T )=Prad(T )−Psun−Patm(Tamb)−Pcc(T, Tamb). (1)
The system emits thermal radiation with a total power given by
Prad(T )=A
∫
dΩ cos θ
∫ ∞
0
dλIBB(λ, T )e(λ, θ), (2)
where IBB(λ, T ) = (2pi~c2/λ5)[e2pi~c/λkBT − 1]−1 is the spectral radiance of a blackbody in
thermal equilibrium at temperature T , and the solid angle integral is over a hemisphere. The
body also absorbs radiation incoming from the sun at a rate
Psun =Acos θsun
∫ ∞
0
dλIAM1.5(λ)a(λ, θsun), (3)
where IAM1.5(λ) is the AM1.5 solar spectral radiance,53 and we assume the planar radiator
is facing the sun at an angle θsun. The body also absorbs heat from the atmosphere at a rate
Patm(Tamb)=A
∫
dΩ cos θ
∫ ∞
0
dλIBB(λ, Tamb)a(λ, θ)eatm(λ, θ), (4)
where eatm(λ, θ) = 1 − t(λ)1/ cos θ is the angle dependent emissivity of the atmosphere4 and
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t(λ) corresponds to the atmospheric transmissivity in the zenith direction.54 In principle,
the emitter (absorber) can also exchange heat non-radiatively with its surroundings via
convection and conduction channels, that we account for through the last term in Eq. (1),
where Pcc(T, Tamb) = Ah(Tamb − T ) and h is the heat coefficient (we assume h ' 7 W/m2K
throughout the paper, which is similar to that reported in13). As the ambient temperature
and solar irradiation conditions change during the day, the equilibrium temperature of the
body, calculated by enforcing Pnet(Teq) = 0, will correspondingly vary. Figs. 1d,e show
the equilibrium temperature for both the idealized emitter (blue) and absorber (red) as
a function of the time of the day for two simplified ambient temperature profiles Tamb(t)
(dashed green), corresponding to a typical hot and a cold day, respectively. As expected, the
emitter cools below Tamb during both day and night, while the absorber heats above Tamb
during day-time and thermalizes at the ambient temperature during night since Psun = 0.
As is evident from the plots, each of these structures has an intrinsic undesirable feature:
the absorber heats well above Tamb even in a hot day, while the emitter still cools below
Tamb in a cold day. These unwanted temperature swings can be avoided by using materials
whose emissivity and absorptivity characteristics are affected by the ambient temperature,
and thereby effectively behave as coolers in hot days and as heaters in cold days.
We now introduce the concept of a passive radiative thermostat. Let us consider an
idealized body that behaves as our solar absorber for temperatures T < TPC, and as our
mid-IR emitter for temperatures T > TPC, where TPC is the phase transition temperature
of the material composing the thermostat. Note that in this case both Psun and Patm will
depend on T through the temperature-dependent absorptivity aT (λ, θ), while Prad will have
an additional temperature dependence through the emissivity eT (λ, θ). In Fig. 2a we show an
schematics of the net exchanged power (solid curves) as a function of the body’s temperature
for three photonic thermostats with different phase transition thresholds (vertical dashed
lines) at an arbitrary time of the day. In order to most easily explain the possible dynamical
paths towards the steady state of the system in the case of the thermostat, we also show
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Pnet for the idealized emitter (dashed blue curve) and absorber (dashed red curve) of Fig.
1 for which no phase transition takes place. The corresponding equilibrium temperatures
of the emitter T emittereq < Tamb and the absorber T absorbereq ≥ Tamb are shown in the figure.
For T < TPC, the thermostat curves follow the absorber power curve, while for T > TPC it
follows the one for the emitter.
Let us first consider the case when the phase transition temperature is lower than T emittereq ,
e.g. T (1)PC . When the initial temperature of the body is less than T
(1)
PC , the system will heat
up, cross the phase transition, and continue heating until it reaches T thstateq = T emittereq (black
curve). On the contrary, when the initial temperature is above T (1)PC , the body does not
undergo any phase transition but still heats up or cools down in order to equilibrate at
T emittereq , as indicated by the arrows in the figure. When the phase transition temperature is
larger than T absorbereq , e.g. T
(2)
PC , the opposite equilibration dynamics takes place (brown curve),
and the thermal equilibrium is reached at T thstateq = T absorbereq . Finally, when T emittereq < TPC <
T absorbereq , as for the case of T
(3)
PC , the system heats (cools) for initial temperatures smaller
(larger) than T (3)PC , and locks at the phase transition temperature (green curve). Note that
the underlying operation mechanism of the passive radiative thermostat applies for both
day- and night-time, as well as it holds for a single TPC and varying Tamb, since the effect of
changing the ambient temperature is simply to shift the curves of Pnet(T ) up or down.
In general, any of the aforementioned cases can occur during a day depending on the
relationship between the phase transition temperature of the thermostat, and the emitter
and absorber equilibrium temperatures. Figs. 2b-d show the daily equilibrium temperature
variation of the idealized emitter (blue), the idealized absorber (red), as well as the idealized
passive radiative thermostat (black) with phase transition temperature fixed at TPC = 17oC
for three distinct ambient temperature profiles (dashed green), corresponding to hot, moder-
ate, and cold days. For the chosen parameters, T emittereq < TPC < T absorbereq (case of T
(3)
PC above)
during the whole 24 hours period in the hot day, resulting in an equilibrium temperature
locked at T thstateq = TPC < Tamb and the thermostat working as a radiative cooler all day
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long. For the moderate day, TPC > T absorbereq (as the T
(2)
PC case above) for 0 < t < 9 h and
22 < t < 24 h, so the equilibrium temperature follows the absorber steady state temperature
during those times, T thstateq = T absorbereq ≥ Tamb, with the equality holding at night and the
device operating as a radiative heater early in the morning. In the time-range 9 < t < 22 h,
the phase transition temperature is in-between the absorber and emitter temperature curves,
hence T thstateq is locked at TPC, switching from heating to cooling with respect to the ambient
temperature as Tamb crosses TPC. For the last plot a similar reasoning applies but, in contrast
to the case of the moderate day, the locking at TPC results only in day-time heating above
the ambient temperature, as desired for a cold day (unfortunately, practical passive heating
during night-time is not possible since Psun = 0). For the chosen parameters in Fig. 2b, the
case of T (1)PC (phase transition temperature below T
emitter
eq ) never occurs. Such a case could
be achieved, for example, using a lower TPC and would result in T thstateq following the emitter
equilibrium temperature.
We describe next a practical design to passively achieve temperature moderation us-
ing thermochromic phase-change materials. Fig. 3a shows a VO2-based multilayer photonic
nanostructure that presents absorption and emission properties qualitatively similar to those
introduced in our toy model above. It is composed of a thick Ag ground plane that prevents
transmission in the entire wavelength range of interest, and alternating layers of TiO2, VO2,
and ZnSe that provide the necessary emission and absorption features. The physical mech-
anism behind the optical response of our structure relies on a Fabry-Pérot cavity specially
designed to resonate at mid-IR wavelengths. ZnSe is chosen as the material filling the cavity
as it is almost transparent in the entire visible to mid-IR wavelength range, allowing for re-
duced absorption of solar radiation and high emissivity in the first atmospheric transparency
window when VO2 is in the metallic phase. Other dielectric substrates (e.g. Al2O3, SiO2,
SiC, Si3N4) previously used to design radiative coolers have phonon resonances in the mid-
IR, resulting in reduced contrast in the optical response of our device below and above the
phase transition temperature. In the following we fix TVO2PC = 17
oC, consistent with phase-
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transition temperatures reported in50–52 for 30 nm thick VO2 thin films on TiO2. Such TVO2PC
results in operating conditions within the typical ambient temperature variations occurring
in Los Alamos, New Mexico. We will assume that the heating and cooling lags associated
to VO2 hysteresis occur at close temperatures, and therefore our main conclusions remain
unaffected. In the Supporting Information we discuss how material hysteresis may modify
the thermostat’s equilibrium temperature shown in Fig. 2. As the insulator-to-metal phase
transition of VO2 occurs on a timescale of a few tens of femtoseconds,55 we can consider that
the system reacts instantaneously to ambient temperature variations that occur at much
longer timescales.
In Figs. 3b-e we show the optical response of our photonic thermostat as a function
of different parameters. The absorptivity (= emissivity by Kirchhoff’s law) was calculated
using the transfer matrix method with a = 1− r, where r is the multilayer’s reflectivity for
unpolarized radiation. The temperature-dependent refractive index of VO2 was modeled via
the Bruggemann effective medium theory for metallic puddles (filling factor f) embedded
in a dielectric host29,56–58 (see Supplementary Information), while optical data for the other
materials were taken from.59–62 Let us first discuss the emission properties of the thermostat
in the mid-IR. Fig. 3b shows the absorptivity and emissivity at the normal direction for VO2
in its dielectric (red) and metallic (blue) phases. When VO2 is in the purely dielectric phase
(f = 0) a strong impedance mismatch at the air-multilayer interface results in decreased
absorptivity in the 8 µm ≤ λ ≤ 13 µm range. The emissivity increases near the edge of the
first atmospheric transparency window due to enhanced absorption in the TiO2 film, and
two peaks emerge at ∼ 17 µm and ∼ 20 µm near the phonon modes of VO2.29,56 When the
VO2 thin films are in the purely metallic phase (f = 1) they form a good quality mid-IR
Fabry-Pérot cavity with the fundamental mode resonating at λ ' 10 µm, which leads to near
unity emissivity at this wavelength. Note that an additional cooling channel is possible in
our system due to the non-zero emission in the atmospheric transparency window between
20 µm ≤ λ ≤ 25 µm. Figs. 3c and 3d depict the the system’s emissivity dependence over the
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direction of emission, demonstrating a strong robustness against variations with θ. Fig. 3e
shows polar plots of the average emissivity in the first transparency window, and highlights
the quasi-omnidirectional emissivity of the system at various representative stages of the
phase transition. At visible and near-IR wavelengths the absorption in the system takes
place in the VO2 thin films, and a small difference can be noticed between the dielectric
and metallic phases as a consequence of the weak effect of the phase transition of VO2
at short wavelengths. The solar spectrum weighted average absorptivity of the system at
normal incidence is ∼ 15% for the dielectric phase and ∼ 6% for the metallic phase, which is
sufficient to empower our radiative thermostat with the desired properties to perform passive
temperature regulation.
In Fig. 4 we discuss the performance of our designed passive radiative thermostat under
real conditions for operation in winter and summer in Los Alamos. Measured sub-hourly
time-dependent ambient temperature and solar irradiation data63,64 for two different days
with clear sky were used in order to characterize the time-evolution of the equilibrium temper-
ature of the system during both day- and night-time. Fig. 4a shows the net exchanged power
as a function of the thermostat temperature for the cold (dashed curve) and hot (solid curve)
days at noon. Unlike the abrupt behavior seen in Fig. 2a for the toy model, here both Pnet(T )
curves feature a smooth transitioning from heating (Pnet(T ) < 0) to cooling (Pnet(T ) > 0)
as the temperature crosses the insulator-to-metal phase transition region for realistic VO2
(see Supplementary Information). The day-time equilibrium temperature is slighted shifted
with respect to TVO2PC and thermalization occurs within the range ∆TPC = (17± 3)oC, where
most of the phase transition takes place. Our passive radiative thermostat provides a re-
markable high cooling power (per area) ∼ 100 W/m2 at temperatures above TVO2PC during the
hot day, and a comparable heating power below the phase transition in the cold day. This
results in an equilibrium temperature 6oC below (11oC above) midday ambient temperature
in summer (winter). Figs. 4b,c show the steady state temperature of the thermostat as the
environment conditions change. Note that we get a moderation effect on the equilibrium tem-
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perature, which remais approximately locked at ∼ 20oC (∼ 15oC) around noon, regardless
of variations in the ambient temperature during the hot (cold) day. In both cases day-time
thermalization occurs at temperatures much more comfortable than the undesirable extreme
cases achievable by regular radiative absorbers (red) and emitters (blue). In contrast to the
idealized case, at night-time we get a net cooling effect arising from the non-zero emissivity
in the atmospheric transparency windows even when VO2 is in its dielectric phase; however,
the thermostat’s temperature is still above the one achieved with the plain radiative emit-
ter (blue curves). Finally, we comment that locations with distinct variation ranges of the
ambient temperature will require different designs of the passive radiative thermostat, with
the appropriate phase transition setpoint constrained by the environment’s yearlong thermal
swings. Given the high tunability of TVO2PC achieved via various approaches,
41–52 it should be
straightforward to design a thermostat to operate under climate conditions different from
those in Los Alamos. Provided that TVO2PC is properly set for a given location, however, all
conclusions above should hold.
In summary, we investigated passive radiative thermostats based on phase-change mate-
rials for near room temperature thermal moderation. Such devices moderate temperature
swings with respect to plain emitters or absorbers, resulting in both night- and day-time
cooling in hot days at a pre-set phase transition temperature, and realizing day-time heating
in cold days. We proposed a VO2-based nanophotonic thermostat multilayer design that,
at temperatures below the phase transition heats up by absorbing solar radiation, while at
temperatures above the phase transition it cools down by emitting electromagnetic energy
to outer space through the atmospheric transparency windows. Additional improvements in
the absorptivity and emissivity properties of the thermostat could be achieved through the
introduction of metasurfaces to tailor material resonances at the visible and mid-infrared
wavelengths. A possible criteria to quantify the performance of a given thermostat design is
to take the time-average of the absolute value of the difference between the equilibrium and
setpoint temperatures normalized to the thermochromic material typical phase transition
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band. The smaller the value of this figure of merit the better is the thermostat performance.
The passive thermal moderation mechanism could be used to reduce the impact of material
stresses on structures such as bridges undergoing thermal cycles. In addition, given that
about 32% (33%) from the total energy consumed in residential (commercial) buildings is
used for space heating and 9% (7%) for cooling,65 our passive radiative thermostat concept
has the potential to largely increase energy savings worldwide.
Acknowledgement
The authors thank Los Alamos National Laboratory (LANL) Laboratory Directed Research
and Development (LDRD) program and the Center for Nonlinear Studies (CNLS) for sup-
port.
Supporting Information Available
The following files are available free of charge. The following files are available free of
charge.
• Supporting Information. effect of hysteresis on the photonic thermostat performance,
VO2 dielectric constant calculation
Author Contributions
WKK conceived the idea, WKK, DD, and MR developed the passive radiative thermostat
concept. WKK and DD wrote the paper with inputs from MR, AA, and SK. All authors
discussed the results, commented on and revised the manuscript.
12
Notes
The authors declare no competing financial interests.
References
(1) Trombe, F. Perspectives sur l’utilisation des rayonnements solaires et terrestres dans
certains régions du monde. Revue Générale Thermique 1967, 6, 1285-1314.
(2) Catalanotti, S. et al. The radiative cooling of selective surfaces. Sol. Energy 1975, 17,
83-89.
(3) Bartoli, B. et al. Nocturnal and diurnal performances of selective radiators. Appl. Energy
1977, 3, 267-286.
(4) Granqvist, C. G.; Hjortsbert, A. Radiative cooling to low temperatures: general con-
siderations and application to selectively emitting SiO films, J. Appl. Phys. 1981, 52,
4205-4220.
(5) Gentle, A. R.; Smith, G. B. Radiative heat pumping from the earth using surface phonon
resonant nanoparticles Nano Lett. 2010, 10, 373-379.
(6) Zhu, L.; Raman, A. P.; Fan, S. Radiative cooling of solar absorbers using a visibly
transparent photonic crystal thermal blackbody. Proc. Natl. Acad. Sci. USA 2015, 112,
6-11.
(7) Zhu, L. et al. Radiative cooling of solar cells, Optica 2014, 1, 32-38.
(8) Safi, T. S.; Munday, J. N. Improving photovoltaic performance through radiative cooling
in both terrestrial and extraterrestrial environments. Opt. Express 2015, 23, A1120-
A1128.
13
(9) Hsu, P.-C. et al. Radiative human body cooling by nanoporous polyethylene textile.
Science 2016, 353, 1019-1023.
(10) Bahadori, M. N. Passive cooling systems in Iranian architecture. Sci. Am. 1978, 238,
144-154.
(11) Rephaeli, E.; Raman, A.; Fan, S. Ultrabroadband photonic structures to achieve high-
performance daytime radiative cooling. Nano. Lett. 2013, 13, 1457-1461.
(12) Hossain, M. M.; Jia, B.; Gu, M. A metamaterial emitter for highly efficient radiative
cooling. Adv. Opt. Mat. 2015, 3,1047-1051.
(13) Raman, A. P.; Anoma, M. A.; Zhu, L.; Rephaeli, E; Fan, S. Passive radiative cooling
below ambient air temperature under direct sunlight. Nature 2014, 515, 540-544.
(14) Chen, Z.; Zhu, L.; Raman, A.; Fan, S. Radiative cooling to deep sub-freezing tempera-
tures through a 24-h day-nigh cycle. Nat. Comm. 2016, 7, 13729.
(15) Zhai, Y; et al. Scalable-manufactured randomized glass-polymer hybrid metamaterial
for daytime radiative cooling. Science 2017, 355, 1062-1066.
(16) Harder, N.-P.; Würfel, P. Theoretical limits of thermophotovoltaic solar energy conver-
sion. Semicond. Sci. Technol. 2003, 18, S151.
(17) Rephaeli, E.; Fan, S. Absorber and emitter for solar thermo-photovoltaic systems to
achieve efficiency exceeding the Shockley-Queisser limit. Opt. Express 2009, 17, 15145-
15159.
(18) Hedayati, M. K. et al. Design of a perfect black absorber at visible frequencies using
plasmonic metamaterials. Adv. Mater. 2011, 23, 5410?5414.
(19) Azad, A. K. et al. Metasurface broadband solar absorber, Sci. Rep. 2016, 6, 20347.
14
(20) Xi, J. Q. et al. Optical thin-film materials with low refractive index for broadband
elimination of Fresnel reflection. Nature Photon. 2007, 1, 176?179.
(21) Lenert, A. et al. A nanophotonic solar thermophotovoltaic device. Nature Nanotechnol.
2014, 9, 126-130.
(22) Shimizu, M.; Kohiyama, A.;Yugami, H. High-efficiency solar-thermophotovoltaic sys-
tem equipped with a monolithic planar selective absorber/emitter. J. Photon Energy
2015, 5, 053099.
(23) Deng, H. et al. Broadband perfect absorber based on one ultrathin layer of refractory
metal. Opt. Lett. 2015, 40, 2592-2595.
(24) Li, W. et al. Refractory plasmonics with titanium nitride: broadband metamaterial
absorber. Adv. Mat. 2014, 26, 7959-7965.
(25) Benkahoul M. et al. Thermochromic VO2 film deposited on Al with tunable thermal
emissivity for space applications. Solar Energy Materials and Solar Cells 2011, 95, 3504-
3508.
(26) Kats, M. A. t al. Vanadium dioxide as a natural disordered metamaterial: perfect
thermal emission and large broadband negative differential thermal emittance. Phys.
Rev. X 2013, 3, 041004.
(27) Ben-Abdallah, P. and Biehs, S.-A. Contactless heat flux control with photonic devices.
AIP Advances 2015, 5, 053502.
(28) Morin, F. J. Oxides which show a metal-to-insulator transition at the Neel temperature.
Phys. Rev. Lett. 1959, 3, 34.
(29) Qazilbash, M. M. et al. Mott transition in VO2 revealed by infrared spectroscopy and
nano-imaging. Science 2007, 318, 1750-1753.
15
(30) Ben-Abdallah, P. and Biehs, S.-A.. Phase-change radiative thermal diode. Appl. Phys.
Lett. 2013, 103, 191907.
(31) Ito, K. et al. Experimental investigation of radiative thermal rectifier using vanadium
dioxide. Appl. Phys. Lett. 2014 105, 253503.
(32) Fiorino, A. et al. A thermal diode based on nanoscale thermal radiation. ACS Nano
2018, 12, 5774.
(33) Ben-Abdallah P. and Biehs S.-A. Near-field thermal transistor. Phys. Rev. Lett. 2014,
112, 044301.
(34) Kubytskyi, V. et al. Radiative bistability and thermal memory. Phys. Rev. Lett. 2014,
113, 074301.
(35) Ito, K. et al. Multilevel radiative thermal memory realized by the hysteretic metal-
insulator transition of vanadium dioxide. Appl. Phys. Lett. 2016, 108, 053507.
(36) Gao, Y. et al. VO2-Sb:SnO2 composite thermochromic smart glass foil. Energy Environ.
Sci. 2012, 5, 8234-8237.
(37) Powell, M. J. et al. Intelligent multifunctional VO2/SiO2/TiO2 coatings for self-
cleaning, energy-saving window panels. Chem. Mater. 2016, 28,1369-1376.
(38) Smith, G. et al. Nanophotonics-enabled smart windows, buildings and wearables.
Nanophotonics 2016, 5, 55-73.
(39) Wang, H. et al. Switchable wavelength-selective and diffuse metamaterial ab-
sorber/emitter with a phase transition spacer layer. Appl. Phys. Lett. 2014, 105, 071907.
(40) Taylor, S. et al. Vanadium dioxide based Fabry-Pérot emitter for dynamic radiative
cooling applications. J. Quant. Spectrosc. Radiat. Transfer 2017, 197, 76-83.
16
(41) Wei, J. et al. New aspects of the metal-insulator transition in single-domain vanadium
dioxide nanobeams. Nature Nanotechnol. 2009, 4, 420.
(42) Cao, J. et al. Strain engineering and one-dimensional organization of metal-insulator
domains in single-crystal vanadium dioxide beams. Nature Nanotechnol. 2009, 4, 732.
(43) Driscoll, T. et al. Memory metamaterials. Science 2009, 325, 1518.
(44) Tan, X. et al. Unraveling metal-insulator transition mechanism of VO2 triggered by
tungsten doping. Sci. Rep. 2012, 2, 466.
(45) Lee, S. et al. Axially engineered metal-insulator phase transition by graded doping VO2
nanowires. J. Am. Chem. Soc. 2013, 135, 4850
(46) Lopez, R. et al. Size effects in the structural phase transition of VO2 nanoparticles.
Phys. Rev. B 2002, 65, 224113.
(47) Lopez, R. et al. Size-dependent optical properties of VO2 nanoparticle arrays. Phys.
Rev. Lett. 2004, 93, 177403.
(48) Whittaker, L. et al. Depressed phase transition in solution-grown VO2 nanostructures.
J. Am. Chem. Soc. 2009, 131, 8884.
(49) Yoon, J. et al. Controlling the temperature and speed of the phase transition of VO2
microcrystals. ACS Appl. Mat. Int. 2016, 8, 2280-2286.
(50) Muraoka, Y. and Hiroy, Z. Metal-insulator transition of VO2 thin films grown on TiO2
(Ď001) and Ď(110) substrates. Appl. Phys. Lett. 2002, 80, 583.
(51) Fan, L. L. et al. Strain dynamics of ultrathin VO2 film grown on TiO2 (001) and the
associated phase transition modulation. Nano Letters 2014, 14, 4036-4043.
(52) Liu, M. et al. Phase transition in bulk single crystals and thin films of VO2 by nano-
infrared spectroscopy and imaging. Phys. Rev. B. 2015, 91, 245155.
17
(53) ASTM G173-03, Standard Tables for Reference Solar Spectral Irradiances: Direct Nor-
mal and Hemispherical on 37ř Tilted Surface. ASTM International, West Conshohocken,
PA, 2012, www.astm.org
(54) IR Transmission Spectra, Gemini Observatory. http://www.gemini.edu/?q=node/10789
(accessed March 28th, 2018).
(55) Jager, M. F. et al. Tracking the insulator-to-metal phase transition in VO2 with few-
femtosecond extreme UV transient absorption spectroscopy. PNAS 2017, 114, 9558-
9563.
(56) Barker Jr, A. et al. Infrared optical properties of vanadium dioxide above and below
the transition temperature. Phys. Rev. Lett. 1966,17, 1286.
(57) Verleur, H. W. et al. Optical properties of VO2 between 0.25 and 5 eV. Phys. Rev.
1968, 172, 788.
(58) Choy, T. C. Effective Medium Theory: Principles and Applications. (Oxford University
Press, 1999).
(59) Ordal, M. A. et al.Optical properties of fourteen metals in the infrared and far infrared:
Al, Co, Cu, Au, Fe, Pb, Mo, Ni, Pd, Pt, Ag, Ti, V, and W. Applied Optics 1985, 24,
4493-4499.
(60) Ratzsch, S. et al. Influence of the oxygen plasma parameters on the atomic layer depo-
sition of titanium dioxide. Nanotechnology 2015, 26, 024003.
(61) Querry, M. R. Optical constants of minerals and other materials from the millimeter
to the ultraviolet. Contractor Report 1987, CRDEC-CR-88009.
(62) Optical properties of Ag, TiO2, and ZnSe. https://refractiveindex.info/ (accessed March
28th, 2018).
18
(63) Diamond, H. J. et al. U.S. Climate Reference Network after one decade of operations:
status and assessment. Bull. Amer. Meteor. Soc. 2013, 94, 489-498.
(64) Los Alamos, New Mexico, ambient temperature and solar irradiation data.
https://www.ncdc.noaa.gov/crn/qcdatasets.html (accessed March 28th, 2018).
(65) Ürge-Vorsatz, D. et al. Heating and cooling energy trends and drivers in buildings.
Renewable and Sustainable Energy Reviews 2015, 41, 85-98.
19
Pinc
Prad
(b)
Solar
absorber
Pinc
Prad
Teq      
< Tambemitte
r
(a)
Mid-IR
emitter
Pref
Pref
Teq        
  > Tambabsorber
(d) Hot day
6 12 18
-10
0
10
20
30
40
50
60
T 
(o C
)
t (h)
0 24
Cold day
0 6 12 18 24
t (h)
-10
0
10
20
30
40
50
T 
(o C
)
(e)
0.5 1 2 5 8 13 16
0
a,
 e
0.2
0.4
0.6
0.8
1.0
λ (μm)
Selective 
absorption
Selective
emission
AM1.5 spectrum Atmosphere’s transmissivity
(c)
26
Figure 1: Temperature management with passive photonic devices. Schematic representation
of a mid-infrared emitter (a) and a solar absorber (b) with idealized selective emissivity (blue)
and absorptivity (red), as show in (c). The orange and green backgrounds correspond to the
AM1.5 solar spectrum and the atmospheric transmissivity, respectively. (d) and (e) show
typical equilibrium temperatures of the idealized emitter (blue) and absorber (red) with
respect to the ambient temperature (green) during hot and cold days. In both plots the
nonzero absorptivity and emissivity were chosen as a = 0.25 and e = 1, and we modeled
the time-dependent total solar irradiance using a gaussian distribution between 6 h and 18
h with peak irradiance of 900 W/m2 at noon. The ambient temperature profile is Tamb(t) =
T avgamb +∆Tamb sin [2pi(t(h)− 11)/24] with T avgamb = 25oC, ∆Tamb = 5oC in (d), and T avgamb = 5oC,
∆Tamb = 10
oC in (e).
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Figure 2: Passive radiative thermostat concept. (a) Cartoon representation of the net cooling
and heating power versus temperature for three phase-change photonic thermostats (black,
green, and brown curves) with distinct operating phase transition temperatures (vertical
lines). The plot also shows the corresponding Pnet(T ) associated to the idealized emitter
(blue) and absorber (red) described in Fig. 1. (b) Comparison between the performance of an
idealized emitter (blue), absorber (red), and phase-change photonic thermostat (black) with
TPC = 17
oC (dashed purple) for a hot, moderate, and cold day. The bottom bars highlight
the thermostat’s switching between cooling and heating modes during a day depending on the
corresponding ambient temperature (dashed green), modeled with parameters T avgamb = 25
oC,
∆Tamb = 5
oC (left), T avgamb = 15
oC, ∆Tamb = 10oC (center), and T avgamb = 5
oC, ∆Tamb = 10oC
(right). All other parameters are the same as in Fig. 1.
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Figure 3: Passive radiative thermostat based on a thermochromic VO2 phase-change mate-
rial. (a) Multilayer photonic nanostructure for passive temperature management with thick-
nesses h1 = 300 nm, h2 = 55 nm, h3 = 30 nm, and h4 = 1 µm. (b) Calculated absorptivity
(= emissivity per Kirchhoff’s law) of the designed radiative thermostat versus wavelength
for VO2 in the dielectric (red) and metallic (blue) phases for unpolarized radiation. Depen-
dence of the emissivity of our photonic nanostructure on the polar angle at mid-infrared
wavelengths for (c) dielectric and (d) metallic phases of VO2. (e) Top: schematics of VO2
metallic puddles (filling factor f) in a VO2 dielectric host. Bottom: angular dependence of
the average emissivity in the first atmospheric transparency window (8 µm ≤ λ ≤ 13 µm)
across the phase transitions for several filling factors.
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Figure 4: Photonic phase-change thermostat performance. (a) Net cooling and heating
power of our designed thermostat as a function of temperature on June 23rd, 2017 (hot day,
solid curve) and on December 6th, 2017 (cold day, dashed line) in Los Alamos, New Mexico.
The vertical dashed lines on the right and left show the respective ambient temperatures at
midday, used during the calculations. The black dots indicate the corresponding equilibrium
temperatures of the thermostat T thstateq (t = 12h), indicating a 6oC cooling (11oC heating)
with respect to the hot (cold) midday ambient temperature. The time-dependent equilibrium
temperature of our optimized radiative thermostat (black) for these same days is depicted
in (b) and (c) along with the corresponding ambient temperature (green). For comparison,
we also show the results for the idealized emitter (blue) and absorber (red) described in Fig.
1. In all the plots the purplish bands (∆TPC ' 6oC) correspond to the region around the
phase transition temperature (TPC = 17oC) where ∼90% of the phase-change takes place.
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Supporting information
Effect of hysteresis on the photonic thermostat performance - Let us consider a
simplified model for computing effects of hysteresis in a photonic radiative thermostat. We
consider a two-step hysteresis loop with transition temperatures THPC > TCPC during heating
and cooling processes, respectively. The thermostat is assumed to behave as the idealized
solar absorber introduced in Fig. 1 of the main manuscript for temperatures T < TCPC, and as
the idealized emitter for T > THPC. In the temperature range TCPC < T < THPC the thermostat
presents unity emissivity and zero absorption during cooling, while it shows zero emission
and finite absorption when heating. Figure S1a shows hysteresis cycles for the emissivity
and absorptivity in the first transparency window and at visible/near-IR wavelengths, re-
spectively. In Fig. S1b we show an schematics of the net exchanged power (solid curves) as
a function of the body’s temperature for three photonic thermostats with different hystere-
sis cycles at an arbitrary time of the day. For T < TCPC, the thermostat curves follow the
absorber power curve, while for T > THPC it follows the one for the emitter. For tempera-
tures in between, the thermostat will follow the emitter or absorber curves depending on its
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Figure S1: (a) Simple model of hysteresis in the thermostat’s emissivity (top) and absorp-
tivity (bottom). (b) Cartoon representation of the net cooling and heating power versus
temperature for three phase-change photonic thermostats (black, green, and brown curves)
with distinct hysteresis loops. The plot also shows the corresponding Pnet(T ) associated to
the idealized emitter (blue) and absorber (red) described in Fig. 1 of the main paper.
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Figure S2: (b) Comparison between the performance of an idealized emitter (blue), absorber
(red), and phase-change photonic thermostat (black) with TCPC = 17oC (dashed purple) and
THPC = 22
oC (dashed orange) for a hot, moderate, and cold day. The bottom bars highlight
the thermostat’s switching between cooling and heating modes during a day depending on
the corresponding ambient temperature (dashed green). All parameters are the same as
those in Fig. 2 of the main paper.
previous cooling or heating history. There are only four possible equilibrium temperatures
for the thermostat, TCPC, THPC, T emittereq , and T absorbereq . When both transition temperatures are
below (above) T emittereq (T absorbereq ) the thermostats equilibrates at the emitter’s (absorber’s)
equilibrium temperature, regardless of the hysteresis (black and brown curves). When both
thresholds are in between T emittereq and T absorbereq (green curves), the equilibrium temperature
is locked either at TCPC or THPC depending if the system is in a cooling or heating path. The
remaining three possible cases not shown in the figure can be analyzed in a similar fash-
ion. For example, for TCPC < T emittereq < THPC, T thstateq = THPC during the heating cycle and
T thstateq = T
emitter
eq for cooling.
In Figure S2 we show the impact of hysteresis on the time-dependent equilibrium tem-
perature for hot, moderate, and cold days (compare to Fig. 2b of the main paper where
hysteresis is not taken into account). Assuming that at midnight the system is in a cooling
path, we observe temperature locking at TCPC during the entire hot day, and locking at THPC
during daytime for moderate and cold ambient temperatures. During night time there is no
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difference with respect to the case without hysteresis of the manuscript. Based on these re-
sults we conclude that provided both phase transition temperatures are close, the hysteresis
does not qualitatively affect the main conclusions of the main paper. We expect that the use
of more accurate models of the hysteresis curves in VO2 that include inner loops, such as
the discrete Preisach model,1 will result in quasi-locking at temperatures between the two
extreme temperatures of the main hysteresis loop.
Effective medium theory and optical properties of VO2 - We model the optical
properties of VO2 in an arbitrary stage of the phase transition using the Bruggemann effective
medium theory (BEMT).2 This is the simplest analytical model that predicts an insulator-to-
metal transition at a critical concentration of metallic puddles in a dielectric host, and it has
been successfully employed in previous experimental works to describe the dielectric constant
of VO2.3 In the BEMT the metallic inclusions are treated as randomly distributed and
oriented spheroidal grains with filling factor f and depolarization factor L. We assume the
VO2 effective medium has uniaxial optical response4,5 described via the dielectric constant
tensor εeff(λ, T ) = diag[ε
‖
eff(λ, T ), ε
‖
eff(λ, T ), ε
⊥
eff(λ, T )], where the components parallel (ε
‖
eff)
and perpendicular (ε⊥eff) to the thin film interface satisfy2
(1− f)
{
ε
‖,⊥
d − ε‖,⊥eff
ε
‖,⊥
eff + L‖,⊥ (ε
‖,⊥
d − ε‖,⊥eff )
+
4(ε
‖,⊥
d − ε‖,⊥eff )
2 ε
‖,⊥
eff + (1− L‖,⊥)(ε‖,⊥d − ε‖,⊥eff )
}
+f
{
εm − ε‖,⊥eff
ε
‖,⊥
eff + L‖,⊥ (εm − ε‖,⊥eff )
+
4(εm − ε‖,⊥eff )
2ε
‖,⊥
eff + (1− L‖,⊥)(εm − ε‖,⊥eff )
}
= 0, (5)
and we have omitted wavelength and temperature dependence for clarity. Here, ε‖,⊥d (λ)
and εm(λ) are the dielectric constants of VO2 in the purely dielectric (T  TVO2PC , f =
0) and metallic (T  TVO2PC , f = 1) phases,3–5 respectively. Note that in the metallic
phase εm = ε
‖
m = ε⊥m. In our numerical calculations in the main paper we have neglected
hysteresis and have modeled the temperature-dependent filling factor via a logistic function
f(T ) = [1 + e−k(T−T
VO2
PC )]−1 where the steepness of the curve is chosen as k = 1K−1. The
depolarization factor L‖ is a function of the concentration f(T ) of metallic puddles and was
26
obtained by fitting the experimental data of Ref.,29 while L⊥ = 1− 2L‖.
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